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1. Abstract
The cilium is an organelle utilized by the cell for signaling purposes. Olfaction is a
process that utilizes cilia for cell signaling, specifically as the starting point of the neuronal
olfactory pathway, by which volatile odorant molecules trigger neuronal depolarization and
subsequent behavioral modification. Related to cilia function and development is the process of
intraflagellar transport (IFT): the bidirectional movement of channels, receptors, and other
proteins by motors along the microtubules of the cilia, including odorant receptors. The
phenomenon of odorant habituation upon continuous exposure to an attractant chemical has been
previously confirmed, but the role of IFT in this process is not well understood. This study aims
to elucidate a possible coupled relationship between cell signaling by cilia and the rate of
transport of proteins through IFT by altering the variables of lifelong chemical exposure and
chemical concentration in the soil-living nematode, Caenorhabditis elegans. By conducting
chemotaxis behavioral assays on both wildtype worms and worms lacking retrograde IFT, we
have implicated retrograde IFT variability as the mechanism by which the cilia modulates
behavior in response to different chemical environments.
2. Introduction
Sensory perception is the faculty by which organisms interpret the stimuli of their
surroundings in order to survive and reproduce. Over time diverse faculties have evolved that
allow organisms to perceive their environments via a variety of modalities. These sensory
faculties include touch, sight, taste, smell, and hearing. Each faculty employs different methods
and specialized cells to take in stimuli and send it to the brain to be integrated, interpreted, and
eventually elicit homeostatic and behavioral responses. The faculty of smell, also called
olfaction, operates using specific cell receptors, which when bound by odorant molecules starts a
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pathway involving intracellular signaling proteins and both ligand gated and ion gated channels
that allow for cell depolarization, transmission of signals, and ultimately a behavior response by
the organism. Olfaction as a sensation is unique in that it the only faculty where the nervous
system interfaces directly with the external environment in the form of ciliated olfactory sensory
neurons. Cilia are dedicated signaling organelles that protrude from most eukaryotic cells, and in
the case of human olfaction, are projected from olfactory sensory neurons into the nasal cavity.
Odorant receptors are found on the membranes of cilia. Cyclic nucleotide gated channels are
stimulated to open in response to chemical binding further up the signaling pathway. The
research aim of this study is to identify the role of variability in intraflagellar transport rate and
how this is affected by cyclic nucleotide gated channel proteins in the physiological basis for the
behavior that follows habituation to an odorant.
2.1 Cilia: A cell signaling organelle
Over the past few decades, cilia are essential to many cell processes, including the cells
of the nervous system. Dysfunction in the development of or activity of cilia is present in many
human diseases, such as polycystic kidney disease, nephronophthisis, and Bardet-Biedl
Syndrome (O’Hagan et al., 2014, Bisgrove et al., 2006, Novas et al., 2015). Because of this,
understanding more about cilia formation and identifying the physiology of cilia function as a
cell signaling organelle is important for human health and development. Interest in cilia biology
is especially important as it relates to sensory perception for both organs and individual cells.
Before a large research boom in cilia-based research during the early 2000s, motile cilia of
airway epithelia or sperm flagella were thought to be the only important cilia type, while nonmotile, primary cilia were considered to be useless evolutionary remnants (Guemez-Gamboa et
al., 2014). While motile cilia serve to move cells or bodily fluids around, primary cilia take on
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different roles in the cell. The primary cilia is involved in cell signaling, along with sensing and
transducing signals. This role makes primary cilia important to development in general as well as
the maintenance of homeostasis in cells and tissue (Novas et al., 2015). Moreover, primary cilia
are present in sensory cells used for hearing, vision, taste, and—the interest of this study—
olfaction (Guemez-Gamboa et al., 2014). Olfaction is unique among the senses in that it involves
a direct interaction between an external chemical stimulus and a neuron. Volatile compounds
bind directly to olfactory cilia membrane proteins to induce a neuronal signal. Different sensory
systems are variable in their use of cilia for signaling, but in general there is evidence that there
are similar mechanisms involved, meaning that the implications of our findings will affect future
research on all sensory cilia systems, including sight, smell and mechanosensation (Singla and
Reiter, 2006).
The structure of the primary cilium contributes to its role as an organelle dedicated to cell
signaling. Cilia are comprised of a microtubule axoneme organized from a centriole-derived
basal body, which extends up the length of the cilium and provides a “track” upon which
kinesins and dyneins (two kinds of motor proteins) can move their cargos (Guemez-Gamboa et
al., 2014, Kozminski et al., 1995, Figure 1). The microtubule axoneme consists of nine outer
microtubule doublets in primary cilia. The ciliary membrane surrounds this structure and is
continuous with the membrane of the cell body (Taschner et al., 2011).
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Figure 1. The structure of the primary
cilia axoneme, including representations of
differences in motile and non-motile cilia
and general motor protein function.
(adapted from Ainsworth, 2007). Nonmotile and motile cilia demonstrating 9 + 0
and 9 + 2 microtubule structure, respectively.
Doublet microtubules extend from the basal
body and transition into singlet microtubules.
Transitional fibers denote barrier requiring
localization sequence for protein entry into
cilia. Dynein retrograde transport of cargo
and kinesin anterograde transport are shown.

Essential to the development and maintenance of primary cilia is intraflagellar transport
(IFT), a mechanism in which proteins are carried bidirectionally along axonemal microtubules in
cilia by the previously mentioned kinesin and dynein motors (Hirokawa et al., 2010). The
function of IFT and anatomy of the cilium are completely intertwined. Kinesin motor proteins
move necessary proteins and other molecules in an anterograde motion along the microtubules to
be deposited at the tip of the cilia, while dynein motor proteins are assembled in the tip and then
move cargo in the retrograde motion, transporting proteins away from the tip (Rosenbaum and
Witman, 2002). This movement of motor proteins was first seen in the early 1990s under
Differential Interference Contrast (DIC) microscopy (Kozminski et al., 1993). The rate of
anterograde motion was measured at approximately 2 μm/s, and the retrograde motion was
measured at approximately 3.5 μm/s (Kozminski et al., 1993). More current measurements of
these rates are 1.1 μm/s for retrograde and 1.0 μm/s for anterograde motion (Snow et al., 2004).
Retrograde motion is hypothesized to be more variable than anterograde motion, most likely due
to number of factors: number of retrograde motor proteins, stability of microtubule subunits in

5

the axoneme, and differing mechanisms of cell signaling regulation (Lu et al., 2015, Pieczynski,
unpublished). In the process of olfaction, IFT is used to transport these necessary signaling
proteins their proper locations on ciliary membrane, which is how IFT becomes relevant to the
current study (Johnson et al., 2010).
2.2 Cilia and Olfaction
Sensory neurons use cilia to sense varied stimuli, including chemicals, heat, and
movement (Guemez-Gamboa et al., 2014). Olfaction specifically requires cilia to sense odorants.
Cilia protrude from the olfactory bulb of the olfactory sensory neurons (OSNs) found in the nasal
cavity of higher eukaryotes. One of the key protein components of these olfactory cilia is
transmembrane G protein-coupled receptors (GPCRs), which are specific to different odorants.
These and cyclic nucleotide-gated channels (CNG channels) are transported using IFT by
heterotrimeric and homodimeric kinesin-2 family members in the anterograde motion along the
ciliary membrane to be used in olfaction (Jenkins et al., 2006). Olfactory GPCRs act as volatile
odorant receptors in the collection of amphid wing cilia, which when bound by odorant
molecules begins a signaling cascade that ultimately facilitates the opening of cyclic nucleotide
gated (CNG) channels (Troemel et al., 1995, Brear et al., 2014, Figure 2). The opening of these
two-part CNG channels results in depolarization of the neuron, allowing for the propagation of
an action potential and ultimately some behavioral response on the part of the organism. The
faculty of olfaction requires receptor proteins in the cilia membrane in order to detect chemicals.
These receptor proteins and the loss of chemotactic response following habituation are odorantspecific (Ardiel and Rankin, 2010). Moreover, established attractive odorants result in the same
behavior, regardless of which neuron their receptor proteins are on (Ardiel and Rankin, 2010).
The movement of necessary receptor proteins, including GCPRs and CNGs, transported to the
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cilia membrane by IFT is required for this process (Brear et al., 2014). Moreover, some diseases
related to cilia or IFT dysfunction also lead to anosmia, namely Bardet-Biedl syndrome
(Williams et al., 2014). It is also important to note that similar signal transduction pathways can
be found in other sensory input paradigms such as the photoreceptors of the eye (a modified
primary cilium), suggesting an evolutionarily conserved mechanism associated with ciliary
signal transduction (Guemez-Gamboa et al., 2014).

Figure 2. A signal transduction pathway is required for chemotaxis in C. elegans amphid
wing cilia (Bargmann, 2006). Proposed model describing C. elegans response to odorants.
GPCRs sense external odorants and relay information to Gi-like protein ODR-3 regulating
guanylate cyclase and phosphodiesterase, composed of DAF-11 and ODR-1. cGMP then
activates TAX-2 and TAX-4 CNG causing a depolarizing event.
2.3 C. elegans as a model for the study of olfaction
The current research integrates the role of cilia, intraflagellar transport of proteins,
cyclonucleotide gated channels, G-protein coupled receptor proteins, chemical habituation, and
the specifics of the organism C. elegans. C. elegans is an ideal model organism for answering
questions related to genetics and behavior for many reasons (Kaletta et al., 2006). It is a soilliving nematode that grows to approximately 1 mm in length, with a useful genetic system
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(Figure 3) (Bargmann, 2006). The worms’ diet consists of E. coli or other bacteria, and hundreds
of worms can live safely on a petri dish for many days. It is also transparent, making observation
of its morphology and physiology possible in vivo (Kenyon, 1988). The worm has two sexes—
males and hermaphrodites. The hermaphrodites can self-fertilize, and male offspring are rare,
making genetics research much easier to conduct (Kaletta et al., 2006). Hermaphrodites produce
genetically identical offspring, making the creation and maintenance of genetic strains easier
than in other model organisms. The worms’ quick reproduction also provides a way to create
strains in a timely and inexpensive way. Their life cycle is short, and wild type C. elegans have
exactly 959 somatic cells, approximately one-third of which are neurons, the connectivity of
which has been mapped out (Kenyon, 1988). Moreover, C. elegans has a significant number of
homologous genes and proteins to H. sapiens in a much simpler system overall (Hodgkin et al.,
1998). This makes the organism a good model for answering questions that have implications on
human physiology and morphology.
There are 302 neurons found in the adult C. elegans hermaphrodite, and approximately
60 of these neurons are ciliary sensory neurons (CSNs), mostly found in the head and the tail of
the organism (Bae et al., 2008). These neurons are specifically equipped to sense external stimuli
with the use of cilia and are located in the amphid and phasmid neurons bundles, in the head and
lateral tail region respectively (Scholey, 2007). Importantly, CSNs are the sole ciliated cell type
in the animal, and the cilia vary in size, morphology, and types of signal sensation (Bae et al.,
2008). In C. elegans IFT is involved in the development of the diversity of its cilia by
contributing to the morphological differences in axoneme structure (Mukhopadhyay et al., 2007).
IFT uses motor proteins to transport the proteins to the cilia that are required for development
and maintenance of the cilia, different proteins for different kinds of cilia (Silverman et al.,

8

2009). There is evidence of a ciliary gate at the base of the axoneme, which regulates what
proteins enter the cilia and are carried by IFT to the cilia tip (Silverman et al., 2009). An
interesting and measurable aspect of IFT is the rate at which transport happens and what causes
this rate to vary. Conducting studies focused on rate changes in IFT will give insight into the
physiology of sensation and cilia in general, not only olfaction.

Figure 3. Schematic of the C. elegans life cycle demonstrates characteristics of the organism
that make it useful for biological and genetics studies (Hart and Chao, 2010). Adult
hermaphrodite C. elegans typically produce 100–200 self-fertilized eggs. Under normal
conditions, larvae go through four larval stages, called L1–L4 (not shown); the time it takes to
reach adulthood depends on cultivation temperature. If larvae develop under crowded or starved
conditions, they enter an alternate larval stage, called dauer. If conditions permit, dauer larvae
can exit the dauer stage and continue to develop into reproductive adults. In a normal self-cross,
males are rare (0.1–0.2% of total F1 progeny). If a male is crossed to a hermaphrodite, the
hermaphrodite effectively functions as a female, and males appear at the expected Mendelian
ratio. This sexual dimorphism allows for genetic analysis in C. elegans via classical genetic
mapping and double mutant analysis. Amphid neurons are contained in the head of the organism,
while phasmid neurons are slightly smaller and contained in the tail region.
Work on this species has now been conducted for decades, and many reliable behavioral
assays have been developed to test for cilia function (Bargmann, 2006). Chemotaxis assays on
circular petri dishes assess the worms’ ability to sense attractant odorants and move toward them.
This assay was used to establish tax-2 and tax-4 (C. elegans CNG channel homolog) mutant
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worms as chemotaxis defective (Komatsu et al., 1996). The attractant is placed in two opposite
quadrants of a petri dish with a control substance in the other two. Age-matched C. elegans are
placed in the center of the plate, and after one hour the total number of worms in each quadrant
are counted. The number of worms in the control quadrant is subtracted from the number of
worms in the attractant quadrants and then divided by the total number of worms. The closer this
number is to 1.0, the stronger the attraction to the odorant (Hart and Chao, 2010). Moreover, a
recent study found that worms had decreases in their chemotaxis index (their affinity to move
toward the odorant) after habituation to this same odorant (Stein et al., 2014). Some work has
been done to describe and map out the neuronal connections and genetic basis in C. elegans that
account for their nonassociative and associative learning and imprinting as seen in this
habituation mechanism (Ardiel et al., 2010). C. elegans has also been shown to have a significant
ability to alter behavior in response to their collective experience even though they have a short
lifespan of 2 to 3 weeks (Bozorgmehr et al., 2013).
2.4 Aim of this study
It is still unknown how the process of IFT is related to the physiological mechanism that
allows for organisms to become accustomed to smell. It is a common animal experience to stop
noticing a smell after continued exposure over time. What is the change in the system that allows
for this habituation? Do ciliated sensory neurons undergo the process of long-term potentiation
or long-term depression after prolonged exposure? What is the mechanism by which an organism
stops sensing a stimulus after it is habituated to it? It is possible that there is some change in the
processes of cilia and IFT that allows for this habituation to occur? Though much is known about
IFT and the process of olfaction, little is known about why habituation happens physiologically.
A possible mechanism for this change in behavior is that IFT rate may have a variability
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mechanism, leading us to the more specific research question: does the rate of retrograde IFT
change in response to odorant habituation in C. elegans?
To begin answering these questions, we first attempted to modify our system genetically
by crossing C. elegans strains containing a marker for IFT with strains containing null mutations
for CNG channel subunits. The crosses were not successful, so we were unable to assess the role
of the CNG channels specifically. Moreover, we were unable to visualize rates of IFT due to the
challenge of extended light exposure and subsequent bleaching of worms using confocal
microscopy.
In order to overcome these problems, we decided to explore the role of overstimulation
and how this affects chemotaxis behavior. If the dynamic IFT process is truly required for proper
ciliary signaling, then if we over stimulate IFT defective animals there should be a corresponding
defect in signaling resulting in altered behavior. Is it possible that the excessive recruitment of
proteins needed for this pathway under high concentrations of stimulant without the relief of
retrograde IFT decreases the chemotaxis index of the worm by clogging up the ciliary tip? There
is evidence in other organisms that receptor concentration in cilia increases at increased chemical
concentration (Reisert and Matthews, 2001). We therefore hypothesize that over activation of the
system in the presence of defective retrograde IFT will result in saturated odorant receptors
leading to depletion of the ciliary pool of cytoplasmic signaling proteins and secondary
messengers, and without a complete IFT system to “reset” our the signaling pathway the result
will be a defective behavioral response. Ultimately, it is our goal to correlate these behavior
changes with IFT rates. If the results show that IFT rate does not change after overstimulation, it
would suggest that ciliary signaling/behavioral changes are only caused by the absence of
required proteins, not because IFT itself has slowed. Alternatively, if retrograde IFT rate does
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change with overstimulation, then this would suggest dynamics to the system that thus far has
been underappreciated in to etiology of cilia-based signaling and ciliopathies. Regardless, any
discovery would help greatly with the development of treatment for these kinds of diseases.
Briefly, our results indicate that retrograde IFT is the mechanism that compensates for
behavior modulation in different chemical environments for these worms. The differences in the
behaviors of wildtype worms and retrograde IFT mutants indicate this, as wildtype can much
more easily maintain chemosensory behavior in new chemical environments than the retrograde
IFT mutant. Also, visualization of cilia show increased protein traffic in over-stimulated worms,
consistent with an upregulation of motor proteins and olfactory proteins in increased chemical
environments.
3. Methods
3.1 Preparation of bacterial food source
A starter culture was used to isolate a single colony on a streak plate of LB agar medium. A
single colony from the streak plate was used to inoculate approximately 10 mL of autoclaved
rich LB broth. The inoculated culture was allowed to grow overnight at 37 °C. The E. Coli OP50
was then stored at 4 °C and used to seed Nematode Growth Media (NGM) plates for worm
cultivation.
3.2 Preparation of NGM plates
3 g of NaCl, 17 g agar, and 2.5 g peptone were combined in a 2-liter Erlenmeyer flask. 975 mL
of H2O was added and the mouth of the flask was covered with aluminum foil. The solution was
autoclaved and then allowed to cool to lukewarm temperature. 1 mL 1 M CaCl2, 1 mL 5 mg/ml
cholesterol in ethanol, 1 mL 1 M MgSO4 and 25 mL 1 M KPO4 were added to solution and
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solution was swirled. Using sterile procedure, 10 mL of the NGM solution was dispensed into 60
mm petri plates. The plates were allowed to dry for at least 24 hours.
3.3 Worm cultivation
Strains for use in this study N2, PR671, and PR678 were purchased from the Caenorhabditis
Genetics Center (CGC, University of Minnesota-Twin Cities), which is funded by the NIH
Office of Research Infrastructure Programs (P40 OD010440) (Table 1). Insertion strains
PVX7/13 strains were created by Jay Pieczynski (unpublished) (Table 1). C. elegans strains were
maintained at 20 °C on Nematode Growth Media (NGM) seeded with 50 μL OP50 E. coli using
methods above. A worm pick made of platinum wire was used to transfer worms to new plates
and sterilized between uses with an open flame to avoid contamination.
Table 1. All the strains used in this study including their strain number, genotype, the source of
the worms, and their use in this research.
Strain
Genotype
Source
Uses
Number
PR671
tax-2 (p671)
CGC
Lacking one subunit of the
cyclic nucleotide gated channel
PR678
tax-4
CGC
Lacking one subunit of the
(p678)
cyclic nucleotide gated channel
PVX7
mvpSi1[Posm-5::xbx-1(+)::eGFP,
Pieczynski Visualization
of
ciliated
Cb unc-119(+)] II
unpub.
sensory neuron
PVX13
pmks-1::mks-1::tdTomato;
Punc- Pieczynski Visualization
of
ciliated
122::unc-122::RFP; mvpSi1[Posm- unpub.
sensory neuron
5::xbx-1(+)::eGFP, Cb unc-119(+)]
II
JT11069 xbx-1 (ok279)
CGC
Negative control, lacks dynein
light intermediate chain
N2
wildtype
CGC
Control wildtype strain
3.4 Synchronization of worms
Worm strains were grown on plates until there was a sufficient amount of gravid adults. These
plates were washed with M9 buffer and poured into 15 mL conical tubes, which were then
centrifuged. Worms were age-synchronized by treatment with 15 mL sodium hydroxide bleach

13

solution for 5 minutes (22% NaOH, 20% bleach). They were subsequently washed with M9
buffer solution (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 mL 1 M MgSO4, H2O to 1 liter,
autoclaved) three consecutive times and deposited on seeded NGM plates.
3.5 Life-long diacetyl exposure
Worms were synced as described above and separated equally onto two different seeded plates
per strain. 5 μL 0.5% M diacetyl in ethanol was dropped on the inside of the lid of one of the two
plates. 5 μL ethanol was dropped on the inside of the lid of the other plate. Worms were raised in
these conditions, with new drops of the chemical or control being administered every 24 hours.
Chemotaxis assay and microscopy was performed on these at the L4 stage of the life cycle.
3.6 Creating new strains
Male worms were created by 75-90 minute heat shock at 30 °C and subsequent transfer of male
worms from that plate in the following days to be backcrossed with a single hermaphrodite of the
same strain. Males were then cultivated in the same way as described above with transference
consisting of picking four male worms and one hermaphrodite worm to a the new plate. Crosses
between PVX7, PVX13 and PR671, PR678 were attempted in order to create transgenic tax
mutant worms for ciliated sensory neuron visualization. PVX7/13 males were mated with
PR671/8 mutant hermaphrodites to produce an F1 generation. Virgin F1 hermaphrodite progeny
were isolated and allowed to self-fertilize to produce an F2 generation. F2 hermaphrodites were
subsequently isolated and plated individually to self-fertilize and produce F3 progeny. F2 adults
were then genotyped to identify the offspring genotype. Confirmation of successful crosses was
carried out by PCR amplification of mutated or inserted genomic regions and gel electrophoresis
(PVX7, PVX13, JT11069), sequencing (PR678), or restriction fragment length polymorphism
analysis (PR671, p671 allele introduces a HpyCHIV restriction site).
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3.7 Behavioral assays
To perform chemotaxis assays, worms were age-synchronized as described above. At the young
adult stage of their life cycle, they were washed from their plate with M9 buffer into a 15 mL
conical tube. They were centrifuged and washed twice more with M9 buffer. 100-500 L4 worms
were placed at the origin of a 60 mm NGM plate with diacetyl (2.5 μL 1% diacetyl in ethanol
and +2.5 μL NaN3) and ethanol control (+2.5 μL NaN3) equidistant from the origin. After 1 hour,
the worms in each quadrant and in the middle of the plate (center circle of 1 cm diameter) were
counted. Chemotaxis index (CI) was calculated [(ntestquad) – (ncontrol)]/[ntotal]. For high
concentration assays, chemotaxis preparation was carried out as described above with an altered
diacetyl concentration (4.35% diacetyl in ethanol). For life long exposure assays, the desired
concentration of diacetyl was placed on the lid of the NGM agar plate immediately after
synchronization. The solution was changed every 24 hrs. until animals were collected for
chemotaxis assays. All assays were performed in triplicate. To analyze chemotaxis data, mean CI
values were calculated. Data were compared using a two-sample t-test to determine any
significant difference between mean CI.
3.8 Microscopy
To assay the morphology of the GFP tagged ciliated sensory neurons in habituated and
unhabituated worms, PVX7 and PVX13 mutant animals were visualized, which contain a stably
inserted ciliated sensory neuron marker, xbx-1::eGFP. Ciliated sensory neuron morphology was
visualized using a Zeiss LSM 700 Laser Scanning Confocal Microscope. Young adult animals
were isolated and mounted onto prepared agar padded microscope slides. Animals were mounted
and anesthetized in 10mM levamisole (Sigma, St. Louis, MO). The ciliated sensory neuron was
imaged in a Z-series of images using Zen Black and processed using Adobe Photoshop.
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4. Results
4.1 Normal concentration chemotaxis assay show a normal chemotaxis index for JT11069, PVX7
and chemotaxis defects for PR671, PR678
In order to establish a baseline chemotaxis index for strains used in the study, we performed
chemotaxis assays on strains either lacking or overexpressing dynein intermediate light chain
(XBX-1) an essential component of the retrograde dynein motor. We used the strain JT11069
which is null for xbx-1 and compared its chemotaxis behavior to wild type N2 animals and PVX7
and PVX13. The JT11069 strain is a mutant for the light intermediate chain of the dynein
complex and is required for retrograde IFT (Schafer et al., 2003). PVX7 and PVX13 are
independent, stably integrated clonal lines overexpressing a Posm-5::XBX-1::eGFP cassette on
Chromosome II in addition to the endogenous xbx-1 locus on Chromosome V (Pieczynski,
unpublished). Surprisingly, mean chemotaxis indices between N2, JT11069, and PVX7 are not
significantly different, suggesting retrograde IFT is not necessarily required for normal
chemotaxis behavior (Figure 4). PVX13 seemed to have some outliers that affected its
chemotaxis ability. The movement of olfactory proteins out of the cilia may not have importance
for the olfactory process at certain concentrations of diacetyl chemical. When we performed the
same experiment comparing chemotaxis behavior between wild type animals and mutants
defective in the CNG channel components tax-2 (PR671) or tax-4 (PR678) we found that at least
PR678 displayed chemotaxis defects (Figure 4). Both PR671 and PR678 strains showed a
significant difference in their mean CI to the wildtype, at least, which is expected based on past
experimentation on these strains (Coburn and Bargmann, 1996). Based on their complete lack of
the channel required for inflow of ions and depolarization of the ciliated sensory neuron in these
strains, this is the expected result (Komatsu et al., 1996).
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Figure 4. The mean chemotaxis indices of all strains reveal that N2, JT11069, and PVX7
have normal indices and that PR671 and PR678 have defects in chemotaxis ability.
Chemotaxis indices were calculated from chemotaxis assays that were conducted on four strains
of worms—N2, JT11069, PVX7, PVX13, PR671, and PR678—by subtracting the control
quadrant worm number from the test quadrant worm number and dividing by the total worm
number. Error bars represent the standard deviation of each mean. Significant difference is
shown by an ** for p<0.01 in a two-sample t-test of the mean of chemotaxis index between the
treatment and control or between strains.
4.2 Chemotaxis assay with life-long diacetyl-exposure
Habituation resulting from prolonged exposure to a given chemical has been well established
(Stein et al., 2014). In order to assess whether a behavioral change/habituation occurred upon
constant exposure to 0.5% diacetyl from hatching to the young adult stage of life in the N2
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worms, a chemotaxis assay was conducted comparing the mean chemotaxis indices of diacetylexposed and control worms. The results from this experiment were unexpected. The chemotaxis
assays conducted on the wildtype worms that were exposed to diacetyl over their lifespan as
contrasted to those not exposed were not significantly different and did not show that habituation
occurred (Figure 5). The mean CIs for both groups were low even in the unexposed N2 worms,
and the lifelong diacetyl-exposed worms had an insignificantly lower CI than the unexposed. The
significance level of the difference between the control and test for the unexposed worms was
slightly greater than that of the exposed worms, which tells us that exposure may have had some
effect.
1
0.8

Mean C.I.

0.6
0.4

0.5% Diacetyl
Vehicle

0.2
0
-0.2

N2

Exp N2

Figure 5. The mean chemotaxis indices of life-long diacetyl-exposed N2 worms and control
N2 worms reveals an insignificant difference in diacetyl-exposed and unexposed worm
groups. Chemotaxis indices were calculated from chemotaxis assays that were conducted on
diacetyl-exposed N2 worms from hatching to L4 stage and control N2 worms unexposed to
diacetyl by subtracting the control quadrant worm number from the test quadrant worm number
and dividing by the total worm number. Error bars represent the standard deviation of each
mean, and no statistical significant difference was determined by analysis with a two-sample ttest of the means.
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4.3 Increased concentration of stimulant leads to defects and increased variability in chemotaxis
behavior
To determine if we could detect a difference in IFT rates upon stimulation with a known
chemoattractant, we first attempted to genetically alter chemotaxis behavior by crossing our
XBX-1::eGFP marker strains (PVX7 and PVX13) with our tax-2 and tax-4 chemotaxis defective
strains (PR671 and PR678) and then monitor the IFT rates immediately after stimulation. After
repeated attempts, our crosses proved unsuccessful so we took an alternative approach; we asked
whether overstimulating worms with high concentration on chemoattractant might alter
chemotaxis behavior. Previously, studies have demonstrated that increased concentrations of
volatile compounds can ultimately cause loss of chemotaxis behavior (Hart and Chao, 2010;
Nuttley et al., 2001; Ward, 1973). We performed our standard chemotaxis experiment, this time
increasing the concentration of diacetyl 8-fold in order to assess how overstimulation might
affect chemotaxis indices. Increased diacetyl concentration resulted in decreased overall mean CI
and an increase in standard deviation of the means as compared to the normal concentration
chemotaxis assays (Figure 6). This was expected based on previous research with increased
concentrations (Ward, 1973). There was still a significant difference between the treatment and
control groups, but this was less than in the normal concentration assays.
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Figure 6. The mean chemotaxis indices of these strains at increased diacetyl concentrations
shows increased variability and decreased mean chemotaxis index overall, but more so in
the JT11069 group. Chemotaxis indices were calculated from two chemotaxis assays that were
conducted on five strains of worms—N2, JT11069, PVX7, PVX13, and PR671—by subtracting
the control quadrant worm number from the test quadrant worm number and dividing by the total
worm number. Error bars represent the standard deviation of each mean. Significant difference is
shown by an * for p<0.05 in a two-sample t-test of the mean of chemotaxis index between worm
strain means. There was a significant different between the treatment and control for all strains to
a p-value of 0.05.
4.4 Life-long, high concentration exposure of diacetyl results in altered chemotaxis behavior in
retrograde IFT defective mutants.
To keep in our line of questioning as to how increased stimulation by the diacetyl attractant may
affect the chemotaxis abilities of the strains in this study, we conducted life-long habituation of
strains N2, JT11069, PR678, and PVX13 and then proceeded to again test their chemotaxis
behavior. The chemotaxis indices of the four strains that underwent this increased concentration
treatment—N2, JT11069, PVX13, and PR678—are shown in Figure 7. Control animals that were
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not exposed to diacetyl throughout life displayed expected chemotaxis behavior for all strains
tested (Figure 7, diacetyl challenged, black bars, vehicle control challenged, white bars).
1.2

*

1

*

0.8

Mean C.I.

0.6
4.35% Diacetyl

0.4

Vehicle
Exp 4.35% Diacetyl

0.2

Exp Vehicle
0
-0.2
-0.4

PR678

PVX13

JT11069

N2

Figure 7. The mean increased concentration chemotaxis indices of life-long diacetylexposed N2, JT11069, PVX13, and PR678 worms and their corresponding control groups
show that there is a behavior difference in the wildtype but more so in the JT11069.
Chemotaxis indices were calculated from chemotaxis assays that were conducted on diacetylexposed N2, JT11069, PVX13, and PR678 worms (right columns) from hatching to L4 stage and
corresponding control worms unexposed (left columns) to diacetyl by subtracting the control
quadrant worm number from the test quadrant worm number and dividing by the total worm
number. Error bars represent the standard deviation of each mean. Significant difference is
shown by an * for p<0.05 in a two-sample t-test of the mean of chemotaxis index between the
treatment and control or between worm strain means.
However, when xbx-1 mutant (JT11069) worms were exposed to increased concentration of
diacetyl over their lifetime and then challenged with that same concentration of diacetyl in a
chemotaxis assay, they appear to be chemotaxis defective, with no significant difference in the
test group upon statistical analysis (Figure 7, diacetyl challenged, dark gray, control challenged
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light gray) This is an interesting result in light of the data that showed them to not be chemotaxis
defective at normal concentration. Both long-term diacetyl exposure and increased concentration
chemotaxis seem to have the effect of decreasing the chemotaxis index of JT11069, which lacks
the mechanics for retrograde IFT. This difference is more significant than the difference in the
wildtype, which gives evidence that the ability to perform retrograde IFT may have some effect
on chemotaxis ability.
4.5 Visualization of ciliated sensory neuron
An attempt to view and record rates of retrograde IFT and determine a difference in retrograde
rate in exposed and nonexposed worm groups was undertaken by use of confocal microscopy.
Adequate visualization of IFT trafficking itself was not possible due to the limits of the
magnification of the confocal and bleaching after several seconds of light exposure. Though IFT
itself was unable to be visualized, the ciliated sensory neuron and eGFP-tagged dynein could be
seen, meaning future experiments with increased magnification capability will be successful in
viewing and recording IFT rate (Figure 8). Also, there is a qualitative difference in the brightness
of the exposed versus the control worm cilia. The young adult PVX13 hermaphrodite seems to
have a brighter cilia, which is consistent with the conclusion that there is increased trafficking
and dynein buildup in the cilia of the exposed organism compared to the control (Figure 8). This
is only a qualitative observation and conclusion, but it is consistent with our other results. This
imaging also represents the ability for next steps in this line of experimentation, as determining
IFT rate variability is an important part of understanding how behavioral change may be taking
place and is a quantitative method of determining rate variability.
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PVX13 (Posm-5::xbx-1::eGFP)

Control

4.35% Diacetyl
Exposed (48 hrs.)

Figure 8. Visualization of the GFP-tagged ciliated sensory neuron in both the control and
4.35% diacetyl exposed (48 hours) PVX13 L4 hermaphrodite. The images above show the
GFP-tagged xbx-1 protein expressed under its own promoter, visualized by confocal microscopy
in an unexposed (left) and 4.35% diacetyl exposed (48 hours) (right) PVX13 L4 hermaphrodite
worm.
5. Discussion
5.1 A summary of JT11069 behavior and how it relates to wildtype behavior
In our normal concentration chemotaxis experiments, we were somewhat thrown off by the
chemotaxis ability of the JT11069 worms, but it gave us a very important piece of information:
that retrograde intraflagellar transport is not required for the chemotaxis ability of this organism,
despite the fact that JT11069 strain is unable to perform this retrograde IFT function (Schafer et
al., 2003). This tells us that odorant receptors, channels, and other necessary proteins are being
transported to the tip by anterograde IFT and performing their part in the ciliary cell signaling
process, and that this functioning continues to occur even without the movement of these
proteins out of the tip of the cilia. As to why animals that are defective in retrograde IFT have
normal chemotaxis behavior has remained a mystery in the field, however our data may begin to
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answer this question. The normal concentration of chemical did not overload the capabilities of
the system; it was able to keep its same behavior (ability to sense and respond to chemical
stimulation) (Figure 4). This normal concentration behavior is different from the behavior seen at
increased concentrations of diacetyl. The chemotaxis ability of the mutant is much more affected
by increased stimulation than the wildtype worms (Figure 7). The JT11069 worms show a defect
in their chemotaxis ability when overstimulation occurs. There is a slight change in the
chemotaxis ability of the wildtype as well, but it is not as pronounced as in the mutant strain.
5.2 Possible mechanisms for JT11069 behavior
A possible and compelling hypothesis to explain this behavior is that overstimulation of the
receptors and more and more odorant receptors being bound may have the effect of increased
recruitment of these proteins and an eventual accumulation at the tip, which results in decreased
chemotaxis ability without the relief of retrograde IFT transporting proteins away from the tip of
the cilia. The mechanism is unclear, but a possible explanation is that the olfactory proteins clog
up the tip of the cilia causing problems for the olfactory cell signaling process. There are two
ways that the ciliary tip might become congested. It could be that there is genetic upregulation of
the proteins required for this cell signaling (odorant receptors, CNG channels, and other proteins)
and that this increase in recruitment and concentration in the tip hinders the cell signaling ability.
We did see that the wildtype chemotaxis ability was somewhat hindered by overstimulation,
although not nearly as much as the JT11069. This combined with the lack of relief by retrograde
IFT carrying these proteins from the tip when they are no longer usable could be the cause for
the JT11069 behavior. These mutants had a much more obvious behavior change simply because
they lack the ability to perform retrograde IFT. This suggests that retrograde IFT is what is
regulating the abundance of protein concentrated in the ciliary tip. Studies in other organisms
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have given evidence that receptor protein concentration may increase in overstimulation contexts
(Reisert and Matthews, 2001). Moreover, behavior in response to stimulation may change with
differing concentration changes (Miller et al., 2006). This phenomenon is similar to what occurs
when the BBSome protein group, required for turnaround at the ciliary tip and the retrograde
transport of proteins, are not present, a phenotype of which is anosmia (Wei et al., 2012). More
experiments are required to confirm this novel hypothesis, but our experiments do give support
to this claim.
A recent study by Wang et al. (2014) found evidence of a novel ciliary mechanism involving
extracellular vesicles that bud from the cilia and are involved in intracellular communication.
These “buds” have been visualized through GFP-tagging of polycystins LOV-1 and PKD-2. It is
possible that this could also be a mechanism that sees a change upon overstimulation of the
sensory cilia. Future directions in this line of research could include quantification of a change in
ciliary budding upon overstimulation resulting in increased protein concentrations in the ciliary
system.
5.3 Implications for possible IFT variability upon prolonged exposure or overstimulation by a
chemical
This JT11069 behavior is consistent with the hypothesis that retrograde IFT rate may change in
compensating for prolonged exposure or increased stimulation by a chemical. There was a
change in behavior for the strain that lacks any retrograde IFT ability when these variables were
altered. This behavior change was more significantly different in the JT11069 strain than the
wildtype upon comparison; meaning retrograde IFT may be what is regulating changes upon
stimulation level or exposure time alteration of diacetyl. We can say this because the wildtype
does not lack this retrograde IFT ability and is able to compensate for the stimulation change
compared to the JT11069 strain much better as is seen in the data, although the wildtype is also
still somewhat affected by the overstimulation as well (slightly decreased chemotaxis ability)
(Figure 7). The pressure on the wildtype though is much less because it has the relief of
retrograde IFT to unblock its ciliary tip and allow for normal signaling ability. A representation
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of this model is displayed in Figure 8.
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Retrograde IFT
Mutant
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Dynamic IFT

No IFT

No Dynamic IFT

Cytoplasmic Signal

No Cytoplasmic Signal

Cytoplasmic Signal

Signal Reset

Behavior Defective

No Signal reset

Normal Behavior

Behavior Defective

Figure 8. A visual representation shows how different chemical stimulation levels are
accounted for by the wildtype and why the difference in behavior is seen in the retrograde
IFT mutant worm. This figure shows what is hypothesized to be happening in the cilia cell
signaling system. When wildtype is exposed to normal levels of chemical, it responds with its
normal chemotaxis. It also responds normally under increased chemical exposure. The retrograde
IFT mutant, when exposed to normal concentrations of chemical also behaves normally, but
when overexposed loses a significant amount of its chemotaxis ability, suggesting that retrograde
IFT is regulating the constant behavior in the wildtype.
5.4 Future Research
The future for this line of research is very promising based on our current data. Of course, the
crosses between the GFP-tagged strains and the tax mutants are a vital part of this, so these
attempts will be continued. We have hypothesized a possible mechanism by which the JT11069
behavior may arise based on the collected data. Further experiments to test this hypothesis would
be to look at possible upregulation of odorant receptors upon overstimulation with the chemical
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in question by reverse transcriptase polymerase chain reaction (RT-PCR). Moreover, from the
opposite angle, the eventual visualization and measurement of IFT rates in the PVX strains will
tell us if increased exposure in time and/or amount changes the rate of retrograde IFT, so a test of
our hypothetical mechanism. The behavior of the worms lacking retrograde IFT is in line with
our hypothesis, which is encouraging for future research on cilia cell signaling and its relation to
the mechanism of intraflagellar transport.
6. Conclusion
This study serves as the first step to understanding more about the pathway involved in cilia
olfaction and what factors may influence chemosensation, specifically prolonged exposure alone
or combined with increased chemical concentration. We were able to establish the defective
nature of chemotaxis in the PR671 and PR678 worms and that there is some change upon
habituation. Also, the success of the GFP-tagging of the ciliated sensory neurons was confirmed
in our experiments, meaning future visualization and measurement of IFT rate is possible. The
interesting nature of the retrograde IFT mutant in differing concentration environments gives
evidence that stimulation level may play a role in limiting the olfactory ability of the mutant as it
cannot perform retrograde IFT to clear out the receptor proteins and allow for the proper cell
signaling pathway. This is indicative of a regulatory role for IFT in cilia cell signaling.
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